We report measurements of the temperature dependence of phonon densities of states in K 0.8 Fe 1.6 Se 2 using inelastic neutron scattering technique. While cooling down to 150 K, a phonon peak splitting ∼25 meV is observed and a new peak appears at 31 meV. The measurements support the recent Raman and infrared measurements, indicating a lowering of symmetry of K 0.8 Fe 1.6 Se 2 upon cooling below 250 K. Ab initio phonon calculations have been carried out for K 0.8 Fe 1.6 Se 2 and KFe 2 Se 2 . The comparison of the phonon spectra as obtained from the magnetic and nonmagnetic calculations show pronounced differences. We show that in the two calculations, the energy range of the vibrational contribution from both Fe and Se are quite different. We conclude that Fe magnetism is correlated to the phonon dynamics and plays an important role in stabilizing the structure of K 0.8 Fe 1.6 Se 2 , as well as that of KFe 2 Se 2 . The calculations highlight the presence of low energy optical vibrational modes in K 0.8 Fe 1.6 Se 2 compared to KFe 2 Se 2 .
I. INTRODUCTION
The discovery of superconductivity in La-based FeAs (T c = 26 K) compounds has stimulated tremendous interest in the field of condensed matter physics. So far, the highest T c of 56 K has been found in Gd 1−x Th x OFeAs. 28 The structural, magnetic, and electronic properties of all the compounds have been extensively investigated [4] [5] [6] to understand the mechanism of the superconductivity. The long-range antiferromagnetic order is suppressed with doping in the parent compound. The superconductivity in the compounds appears above a certain doping level. In particular, for all these compounds strong anomalies have been found in the specific heat, resistivity, and magnetic susceptibility in the temperature range of 110-180 K. These anomalies are now known to be prerequisite for superconductivity in FeAs compounds.
Adding to the excitement generated by the discovery of iron-based compounds, the newly discovered alkali-doped iron selenide compounds [13] [14] [15] [16] exhibit several unique characters that are noticeably absent in other iron-based superconductors, such as antiferromagnetically ordered insulating phases and extremely high Neel transition temperatures. Neutrondiffraction studies indicate a very large ordered moment and high magnetic transition temperature for these compounds. The T c of K x Fe 2−y Se 2 has been reported 13, 14 to be ∼31 K under the tetragonal space group I 4/m. The magnetic phase disappears 15 above T N ≈ 559 K followed by the creation of Fe vacancies, which exhibit an ordering transition at 578 K. The refinement of the neutron diffraction pattern shows that the compound can now be chemically expressed as KFe 2 Se 2 with a tetragonal symmetry under space group I 4/mmm. Chemical substitution of K by Rb or Cs also yields a superconductor at a similarly high T c , as observed in Rb x Fe 2−y Se 2 15 and Cs x Fe 2−y Se 2 . 16 Furthermore, the local structure of K x Fe 2−y Se 2 has been measured 12 by temperaturedependent, polarized, extended x-ray absorption fine structure (EXAFS).
Density functional theory calculations predict systematically weak electron-phonon coupling 7 with a negligible contribution to the superconductivity mechanism in FeAs systems. The role of the phonons for the mechanism of superconductivity is not yet fully established. However, the electron pairing in FeAs compounds is believed to occur beyond the conventional electron-phonon coupling framework. Theoretically, the pairing mechanism is proposed 9, 10 to be mediated by exchange of the antiferromagnetic spin fluctuations, which might lead to an interpenetration of electron and hole pockets at the Fermi surface.
Inelastic neutron scattering has been used to study the resonant spin excitations [17] [18] [19] in a number of FeAs-based 122, 1111, and 11 compounds. The phonon measurements, as well as the ab initio phonon calculations for FeAs compounds, support 25, 27 the idea of a possible coupling between spin and lattice degrees of freedom affecting the phonon dynamics. As far as we know, only zone center phonons of K 0.8 Fe 1.6 Se 2 (also referred to as the K 2 Fe 4 Se 5 phase) have been studied via Raman and infrared spectroscopies. [20] [21] [22] In this context, we report results of inelastic neutron scattering measurements of the temperature dependence of phonon spectra over the whole Brillouin zone for K 0.8 Fe 1.6 Se 2 . Ab initio phonon calculations are carried out in K 0.8 Fe 1.6 Se 2 and KFe 2 Se 2 for interpretation and analysis of the observed phonon spectra by first lifting and then considering the effect of magnetism. This paper is organized as follows: the details of the experimental technique and lattice dynamical calculations are summarized in Secs. II and III, respectively. Section IV is dedicated to the presentation and discussion of the results. Conclusions are drawn in Sec. V.
II. EXPERIMENTAL DETAILS
The inelastic neutron scattering experiments on K 0.8 Fe 1.6 Se 2 were carried out using the IN4C spectrometers at the Institut Laue Langevin, France. The spectrometer is based on the time-of-flight technique and is equipped with a large detector bank covering a range of ∼10
• to 110
• of scattering angle. Single crystals of K x Fe 2−y Se 2 were grown by the Bridgman method as previously reported. 29 While we have seen the traces of superconductivity in these crystals with T c = 31 K, the samples are dominated by the insulating K 0.8 Fe 1.6 Se 2 (also referred to as the K 2 Fe 4 Se 5 ) phase. A polycrystalline sample of 1 g of K 0.8 Fe 1.6 Se 2 , ground from several small single-crystal pieces, was mounted into a cryostat in the transmission mode, at 45
• to the incident neutron beam. For these measurements, we have used an incident neutron wavelength of 2.4Å (14.2 meV) in neutron energy gain setup. The measurements were performed at 300 and 150 K at ambient pressure. In the incoherent one-phonon approximation, the measured scattering function S(Q, E), as observed in the neutron experiments, is related 30 to the phonon density of states g (n) (E) as follows:
S(Q,E)
(1)
where the + or − signs correspond to energy loss or gain of the neutrons, respectively, and where
A and B are normalization constants, and b k , m k , and g k (E) are, respectively, the neutron scattering length, mass, and partial density of states of the kth atom in the unit cell. The quantity between represents the suitable average over all Q values at a given energy, and 2W (Q) is the Debye-Waller factor. The weighting factors 
III. COMPUTATIONAL DETAILS
The ab initio phonon calculations for K 0.8 Fe 1.6 Se 2 and KFe 2 Se 2 are performed in the nonmagnetic phase, as well as by including the effect of magnetic ordering. At room temperature, K 0.8 Fe 1.6 Se 2 crystallizes in the I 4/m space group and contains 44 atoms in a unit cell. The ab initio calculations were done using a primitive unit cell of 22 atoms (Table I) with vacancies for K1 and Fe1 at the 2a and 4d Wyckoff sites. In the absence of a fully stoichiometric structure of K 0.8 Fe 1.6 Se 2 , the structure as given in Table I is used for the calculations. As discussed below, the calculated phonon spectra using this structure reproduce correctly the observations. In the nonmagnetic phase, a 2 × 2 × 1 supercell, containing 176 atoms, is used. The magnetic calculations for K 0.8 Fe 1.6 Se 2 include antiferromagnetic ordering (Fig. 1 is the same as that of nonmagnetic phase. Total energies and interatomic forces were calculated for the 22 structures resulting from individual displacements of the five symmetry inequivalent atoms along the three Cartesian directions (± x, ± y, and ± z).
Upon heating, K 0.8 Fe 1.6 Se 2 undergoes a nonmagnetic transition at 559 K followed by ordering of Fe vacancies at 578 K. The neutron diffraction data collected at 580 K shows that compound can now be expressed 13 as KFe 2 Se 2 under the tetragonal space group I 4/mmm with a unit cell containing 10 atoms. KFe 2 Se 2 is known to crystallize in the tetragonal space group I 4/mmm only. In addition to this phase, calculations are carried out in the orthorhombic space group Fmmm, including magnetic ordering. The orthorhombic structure as used in the calculations of KFe 2 Se 2 (space group Fmmm) is similar to that previously reported for FeAs-based 122 compounds. 5 The supercell approach is adopted (size 2 × 2 × 1), which consists of 40 and 80 atoms in the tetragonal and orthorhombic phase of KFe 2 Se 2 , respectively. Since KFe 2 Se 2 is nonmagnetic, the magnetic calculations are done only for understanding and comparison with the real magnetic case of K 0.8 Fe 1.6 Se 2 . Total energies and interatomic forces were calculated for the 12 (tetragonal I 4/mmm) and 18 (orthorhombic Fmmm) structures resulting from individual displacements of the three symmetry inequivalent atoms along the three Cartesian directions (± x, ± y, and ± z).
The phonon calculations for both compounds (K 0.8 Fe 1.6 Se 2 and KFe 2 Se 2 ) are carried out in the fully relaxed configuration. That is, the lattice constants, as well as the atomic coordinates of the atoms, are fully optimized, with and without the magnetic interactions. In addition, further calculations were performed with a partially relaxed structure, where only the atomic positions were optimized (the lattice parameters were kept at their observed values). Lattice parameters and atomic positions for both systems are given in Table I .
The Vienna Ab initio Simulation Package 32,33 software is used for the calculations. The projector-augmented wave method and an energy cutoff of the plane wave of 600 eV were used. The integrations over the Brillouin zone were sampled on a 4 × 4 × 4 mesh of k-points generated by MonkhorstPack method. 34 The exchange-correlation contributions were approached within the generalized gradient approximation framework and described by the Perdew-Burke-Ernzerhof density functional. 35, 36 The convergence criteria for the total energy and ionic forces were set to 10 −8 eV and 10 −5 eVÅ −1 , respectively. Phonon spectra for both compounds were extracted using the Phonon software.
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IV. RESULTS AND DISCUSSION
A. Temperature dependence of phonon spectra
The phonon spectra for K 0.8 Fe 1.6 Se 2 measured at 300 and 150 K using the IN4C spectrometer are shown in Fig. 2 . The high-resolution measurements performed with small incident neutron energy of 14.2 meV can be done in the neutron-energy gain mode. At 300 K, the peaks in the phonon spectra are located around 10, 25, and 29 meV. When cooling down, the peak centered at 25 meV splits into two peaks centered at 23.5 and 26.5 meV, in addition to a new peak appearing ∼31 meV. Peak splitting and the appearance of a new peak indicate lowering of the symmetry. Our measurements are consistent with recent temperature-dependent Raman and infrared measurements 21 Furthermore, other work using Raman spectroscopy 20 shows that the A g mode at 8.2 meV (66 cm −1 ) behaves rather anomalously. The intensity of this mode is found to decrease significantly with increase of temperature. Our inelastic neutron scattering measurements indicate (Fig. 1 ) that the intensity of phonon modes ∼9 meV exhibits similar behavior. As these measurements were done in the neutron energy gain mode, no data were collected across the superconducting transition at 31 K. Nevertheless, Raman measurements show 20 that the superconducting transition has little effect on the phonon energies. At T c , the A g mode at 180 cm −1 exhibits only a jump of ∼1 cm −1 (0.12 meV). Figure 3 compares the phonon spectrum of K 0.8 Fe 1.6 Se 2 with our previously published data on BaFe 2 As 2 . 25, 27 The energy range of phonon spectra in both compounds is found to be nearly the same. However, phonon peaks in K 0.8 Fe 1.6 Se 2 are broader compared to those in BaFe 2 As 2 . There are three well-separated peaks at 20, 25, and 32 meV in the energy range extending from 18 to 35 meV in BaFe 2 As 2 , compared to the broad peaks at 20, 25, and 30 meV in K 0.8 Fe 1.6 Se 2 . This is well supported by EXAFS measurements 12 carried out on K 0.8 Fe 1.6 Se 2 at the Fe and Se K edges that indicate a large static disorder along the c axis, as well as disorder on the Fe site. Such a structural disorder may result in broadening of the peaks in the phonon spectra, as presently observed. The Fe-Se stretching modes at 30 meV in K 0.8 Fe 1.6 Se 2 are found to be shifted to slightly lower energies due to the slightly larger Fe-Se bond length of 2.42Å in K 0.8 Fe 1.6 Se 2 compared to the Fe-As bond length of 2.4Å in BaFe 2 As 2 .
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B. Effect of magnetic ordering on phonon spectra
The electronic properties of the FeAs-based compounds are known to be sensitively controlled by distortions of the FeAs 4 tetrahedra in terms of As-Fe-As bond angle and Fe-As bond length. Earlier, it was shown 28 that the strong interaction between the As ions in FeAs compounds is controlled by the Fe-spin state. The noninclusion of the Fe magnetic moment in the calculations weakens the Fe-As bonding, which in turn increases the As-As interactions and decreases their repulsive character, leading to the axial collapse along the c axis. Including the iron magnetic moments in the ab initio calculations leads to a significant change in the electronic structure, as this is induced by the correct description of the Fe 3d states near the Fermi level. Consequently, this improves the agreement between the calculated and the experimental structural, as well as dynamical, properties. The calculated magnetic moment for the equilibrium structure is 2.9 μ B (I 4/m) for K 0. results in a collapse of the c-lattice parameter value from 14.11 to 13.39Å. However, by including Fe magnetism, the lattice structure is described correctly (Table I) . For the other compound KFe 2 Se 2 , which is reported to be paramagnetic 13 above 580 K, we find that the optimized structure without any magnetic moment at the Fe sites is collapsed along the c axis, with a value of the axial parameter decreasing from 14.16 to 13.42Å. Interestingly, by including magnetic ordering on the Fe sites in the I 4/mmm space group, the estimated c-lattice parameter value (13.70Å) is reasonably close to the experimentally refined one. Under the orthorhombic phase (Fmmm), the calculated relaxed c-lattice parameter value of KFe 2 Se 2 is 13.82Å. The detailed comparison between the experimental and the calculated structural parameters for both compounds is given in Table I. The main difference between the magnetic and the nonmagnetic calculations is reflected in terms of phonon modes above 20 meV (Fig. 4) . We find that the magnetic lattice dynamical calculations reproduce correctly the experimental data compared to the nonmagnetic case. The good agreement between the experimental data and the magnetic calculations highlights a signature of a magnetostructural correlation, which affects phonon dynamics in K 0.8 Fe 1.6 Se 2 . However, a slight difference between estimations and observations is seen, and it could originate from K 0.8 Fe 1.6 Se 2 (Ref. 12 ) having large static disorder along the c axis, as well as large Fe site disorder, which is not included perfectly in the state of the art ab initio phonon calculations. Furthermore, magnetic phonon calculations were done with full and partial (by keeping values of the experimental lattice parameters) structural relaxation. However, the magnetic calculations based on a partially optimized crystal structure seem to offer slightly better agreement with the experimental data. Therefore, in the following, magnetic calculations refer to those carried out with a partially relaxed structure.
The contribution of the various atomic motions to the phonon spectra can be understood from the calculated partial densities of states (Fig. 5) . It is found that vibrations of the inclusion of magnetic ordering in the calculations significantly softens the Fe and Se vibrations, as shown in Fig. 5 . The Fe-Se stretching modes are above 30 meV.
The differences in the partial densities of states (Fig. 5 ) in both calculations can also be understood from the calculated phonon dispersion relations represented in Fig. 6 . All the phonon dispersions have a large number of slightly dispersive branches up to 20 meV, resulting in a broad peak in the low 184502-5 energy region of the phonon spectra (Fig. 5) . The phonon branches ∼20 meV (Fig. 6 ) soften by 5-8 meV in the magnetic calculations compared to the nonmagnetic case. The collapse of the c-lattice parameter in the nonmagnetic calculations from 14.11 to 13.39Å results in a significant change in Fe-Se bond length and in turn overestimates the high energy stretching modes in the nonmagnetic calculations. Neutron diffraction measurements show that KFe 2 Se 2 stabilizes at ∼578 K and that it is paramagnetic. The primitive cell of KFe 2 Se 2 has only 5 atoms, in comparison to 22 atoms in K 0.8 Fe 1.6 Se 2 . The increase in symmetry in the high temperature phase results in lowering of a number of phonon branches in the phonon dispersion relation of KFe 2 Se 2 (Fig. 6) . The nearly flat optic branches result in sharp features in the density of states (Figs. 4 and 5) . Although phonon density of states (Fig. 1 ) measurements are carried out only for K 0.8 Fe 1.6 Se 2 , the range of phonon spectra is expected to be the same in both compounds. Again, as far as the energy range of phonon spectra is concerned, it is found that the calculated phonon spectra, including magnetism on the Fe sites, compare well with the experimental data and the other magnetic calculations of K 0.8 Fe 1.6 Se 2 . The calculated (with and without magnetism) partial density of states for KFe 2 Se 2 (Fig. 5) exhibit the same characteristics as in the case of K 0.8 Fe 1.6 Se 2 . Our calculations clearly support that although KFe 2 Se 2 is paramagnetic, Fe magnetism is always present, even at temperatures well above the magnetic ordering temperature, and controls the structure, the phonon energies, and probably the superconducting properties of FeSe-based compounds.
The detailed comparison of the phonon spectra calculated including magnetic ordering in the orthorhombic (Fmmm) and tetragonal (I 4/mmm) space groups shows (Figs. 4 and 5 ) that the calculated B g and E g modes at 23.5 and 15 meV (as discussed in Sec. IV C) in the I 4/mmm space group are most affected due to the inclusion of the orthorhombic distortion. We find that in the orthorhombic phase (Fmmm space group), the peak in the calculated phonon spectrum 15 meV broadens and there is an enhancement of intensity of peak at 11 meV compared to that in the tetragonal phase (I 4/mmm space 79  64  60  100  77  77  115  101  99  142  112  111  207  153  152  240  198  202  283  212  213  324  246  249  A u  71  63  63  115  98  101  118  108  105  210  162  160  252  203  205  301  232  236  307  265  269  B u  84  60  56  104  74  73  121  93  89  145  119  119  216  161  160  280  227  229  317  256  261  E u  64  62  56  87  82  79  108  96  94  131  111  110  187  141  142  264  204  204  277  227  228  320  260  266 group). Furthermore, the two-peak structure in the calculated spectra of I 4/mmm space group in the energy range of 18-23 meV (Fig. 4 ) disappears, and we find a single peak at 20 meV in the orthorhombic space group. The calculated partial density of states (Fig. 5) magnetic ordering (Fig. 1 ) in the two calculations would affect the Fe-Se bonding and in turn lead to a change of the phonon frequencies associated with Fe and Se atoms. The comparison of the phonon dispersion relation (Fig. 6 ) in both space groups shows that significant changes in the phonon branches are in the energy range of 15-25 meV, consistent with the phonon density of states (Figs. 4 and 5) . Recently, ab initio phonon dispersion calculations 11 have been reported for KFe 2 Se 2 . The authors found that phonon branches ∼100-150 cm −1 (∼12-18 meV) in their nonmagnetic calculations soften by ∼50 cm −1 (∼6 meV) when magnetic interactions are considered while calculating the interatomic force constants for the dynamical matrix. The high energy phonon modes also show slight softening in the magnetic calculations. It is well established that unit cell optimization in the ab initio calculations without including spin polarization leads to a collapse of the c-lattice parameter, which in turn results in an overestimation of the energies of the stretching modes. We found that phonon branches ∼12-18 meV in nonmagnetic calculations soften by ∼4 meV when magnetic interactions are considered in the space group Fmmm. Furthermore, the nonmagnetic Fe-Se stretching modes ∼35-42 meV soften by ∼8 meV when magnetic degrees of freedom are included.
C. Zone center phonon modes
At ambient conditions, K 0.8 Fe 1.6 Se 2 crystallizes in the tetragonal structure I 4/m. The group theoretical decomposition of the phonon modes at the zone center is given by
Similarly, the 15 phonon modes of KFe 2 Se 2 at the zone center within the space groups I 4/mmm and Fmmm can be classified as (Figs. 4-6 ). The comparison of zone center modes (Table II) Fig. 7 .
The A g mode at 224 cm −1 (27.8 meV) from the nonmagnetic calculations of KFe 2 Se 2 ( Fig. 7) involves only displacement of Se atoms in the opposite direction along the c axis, whereas K and Fe atoms are at rest. This mode is found to soften by 6 meV in the magnetic calculation. This clearly shows that neglecting magnetic ordering at the Fe sites in the calculations has a crucial influence on the binding in the compound and therefore on the phonon frequencies. When the c axis collapses, this leads to a change of the height (z parameter) of Se atoms, resulting in an overestimation of the phonon energies in the nonmagnetic calculations. Figure 8 shows the calculated mean squared displacements of the various atoms, expressed as u 2 and arising from all phonons of energy E within the Brillouin zone. This is relevant to the understanding of the averaged nature of phonons in the entire Brillouin zone. The calculated phonon densities of states (Fig. 4) 
D. Mean squared displacements of various atoms
V. CONCLUSIONS
We have reported detailed measurements of the temperature dependence of the phonon density of states of K 0.8 Fe 1.6 Se 2 using the inelastic neutron scattering technique. While cooling down to 150 K, a phonon peak splitting ∼25 meV is observed and a new peak appears at 31 meV. This suggests a structural phase transition below 250 K involving symmetry lowering. The phonon spectra of K 0.8 Fe 1.6 Se 2 have been analyzed based on detailed nonmagnetic, as well as magnetic, ab initio lattice dynamical calculations. Furthermore, calculations are performed for the nonmagnetic KFe 2 Se 2 under the tetragonal (I 4/mmm) and orthorhombic (Fmmm) space groups. The calculated partial densities of states show that the range of the K vibrations does not affect inclusion of magnetic ordering, while vibrations due to the Fe and Se atoms soften. The comparison of the experimental and the calculated phonon spectra shows that magnetism should be considered in order to correctly describe phonon dynamics. It is found that magnetism due to the unpaired electrons of Fe sites does not vanish upon heating above 578 K, and it controls the structure and phonon energies of FeSe-based compounds, suggesting a spin-phonon coupling. 
